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Abstract 
A particle reaction model including mass and heat transfer has been developed to 
know the temperature variations produced inside the oxygen carrier particles during the 
cyclic reduction and oxidation reactions taking place in a Chemical-Looping Combustion 
(CLC) system. The reactions of the different oxygen carriers based on Cu, Co, Fe, Mn, and 
Ni during the reduction with fuel gas (CH4, CO, and H2) and oxidation (O2) have been 
considered. In these systems, the oxidation reaction is always exothermic with subsequent 
heat release; however, the reduction reaction can be exothermic or endothermic depending 
on the metal oxide and the fuel gas. The heat generated inside the oxygen carriers during 
the exothermic reactions increases the particle temperature, and could affect to the particle 
structure if the temperature increase is near to the melting point of the active materials. 
Several variables that affect to the reaction rate and to the heat transport process have been 
analyzed to know their effect on the internal particle temperature. For a given oxygen 
carrier and reaction, the maximum temperature of the particles depended mainly on the 
particle size, the reaction rate, and the external heat transfer resistance, being lower the 
effect of the oxygen carrier porosity, type of inert material, and metal oxide content. The 
highest temperature variations were reached for the oxidation reactions, with the maximum 
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corresponding to the Ni and Co oxygen carriers with values of ~ +90 K for 1 mm particles. 
The highest temperature increase observed during the reduction reactions corresponded to 
the reaction of CuO with CO, with values of ~ +40 K for 1 mm particles. For the rest of the 
reactions and metals, the variations in the particle temperature were below 10 K for 
particle sizes below 1 mm. Under the typical operating conditions that exists in a 
Chemical-Looping Combustion system, with particle sizes lower than 0.3 mm, 40 wt % of 
metal oxide content, and overall conversion times lower than 30 s, the increases of 
temperature with respect to the bulk conditions were lower than 15 K for any reaction of 
any oxygen carrier. Moreover, the temperature profiles inside the particles were near flat in 
most of the practical conditions, and no local points with high temperatures were found. 
Thus, changes in the solid porous structure of the carrier due to sintering during oxidation 
in fluidized bed reactors are not expected working at typical temperatures of CLC systems 
(1000-1300 K).  
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1. Introduction 
CO2 emissions derived from human activities have increased the concentration of 
greenhouse gases in the atmosphere, contributing to global climate change. A great part of 
the CO2 comes from the use of fossil fuels in power plants. The foresights show that fossil 
fuels will be the dominating energy source worldwide at short or medium term, which 
encourages to the development of new technologies for CO2 capture and sequestration. 
Chemical-Looping Combustion (CLC) is a novel combustion technology with inherent 
separation of the greenhouse gas CO2. This fact avoids the high energy consumption 
penalty of other current processes for CO2 capture from flue gases, where large amounts of 
energy and expensive equipment are necessary (Herzog, 1999). 
CLC technology involves the use of a metal oxide as an oxygen carrier, which 
transfers oxygen from the air to the fuel avoiding the direct contact between fuel and air. 
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The oxygen carrier circulates between two interconnected reactors, designated as air and 
fuel reactors. In the fuel reactor, a metal oxide (MeO) is reduced by a gaseous fuel,  
Natural gas: MeO + CH4     →   Me + CO2 + H2O (1) 
Syngas: MeO + CO   →  Me +  CO2 (2) 
 MeO + H2    →  Me + H2O (3) 
The exit gas from the fuel reactor contains CO2 and H2O. An almost pure CO2 stream 
can be obtained after cooling the gas and condensing H2O. The particles of reduced oxygen 
carrier (Me) are transferred to an air reactor and oxidized with air, regenerating the metal 
oxide. 
 Me + O2  →   MeO (4) 
The air reactor gives a flue gas containing only N2 and unreacted O2. The oxidised 
carrier (MeO) is then returned to the fuel reactor for a new cycle. The stoichiometry of 
equations (1-4) is a function of the oxidation states of the metal at the oxidized and 
reduced form. 
Different metal oxides based on Co, Cu, Fe, Mn, and Ni have been proposed in the 
literature (Ritcher and Knoche, 1983; Ishida et al., 1987; Mattison and Lyngfelt, 2001; 
Adánez et al., 2004; Cho et al., 2004) as possible candidates for CLC process. However, a 
suitable carrier for CLC systems must show high reaction rate and conversion, resistance 
against carbon deposition, sufficient durability in successive cycle reactions and high 
mechanical strength. By this reason, the metal oxides are combined with an inert, which 
acts as a porous support providing a higher surface area for reaction, and as a binder for 
increasing the mechanical strength and attrition resistance (Ishida and Jin, 1994; Ishida and 
Jin, 1996). The most common inerts are Al2O3, TiO2, ZrO2 (Yttria-stabilised ZrO2), SiO2, 
MgO, bentonite, sepiolite, and hexaaluminate. Other inerts as the NiAl2O4, MnAl2O4, 
CuAl2O4 spinel can be also generated by solid-solid reactions during the oxygen carrier 
manufacture (Jin et al., 1999; Mattison et al., 2003). Table 1 shows the physical properties 
of different materials.  
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The net chemical reaction, and so the heat release, over the two reactors in a CLC 
system is the same as normal combustion, although the distribution between the fuel and 
air reactors depends both on the fuel gas used and the material used to transport the 
oxygen. Table 2 shows the standard reaction heat for the reduction and oxidation of several 
oxygen carriers. The oxidation reaction is always exothermic with subsequent heat release. 
However, the reduction reaction can be exothermic or endothermic depending on the metal 
oxide and fuel gas. When the reduction reaction is endothermic, the oxidation reaction has 
a higher heat of reaction than conventional combustion of the fuel gas with air, to fulfil the 
enthalpy balance, i.e. Hc=Hox+Hred. The most exothermic reactions are the oxidation of 
the Ni and Co with values as high as 239.7 kJ/mol Me and 237.9 kJ/mol Me, respectively.  
The heat generated during the exothermic reactions taking place inside the oxygen 
carriers in a typical CLC system could increase the particle temperature. This fact could 
affect the oxygen carrier structure if the temperature at any point of the particle increases 
up to values near to melting point of the metal (see Table 1). For example, the Cu-based 
oxygen carriers could be sintered at temperatures near the melting point (1358 K) and 
affect to the solid reactivity in the following cycles. On the other hand, the temperature 
variations obtained inside the particle, both positive in exothermic reactions and negative 
in endothermic reactions, could affect to the validity of the kinetic parameters determined 
from experimental reaction rates, when assuming isothermal particles. However, there is 
no information in the literature about the effect of the heat transfer process during the 
typical reduction and oxidation reactions of the oxygen carriers in a CLC system. 
The objective of this work was to predict the temperature variations produced inside 
the oxygen carrier particles during the exothermic or endothermic reactions taking place in 
a CLC system. This information will be valid to know the effect of heat transfer in the 
particle reaction rate and to detect possible problems of sintering inside the particles during 
the exothermic reactions. A particle reaction model describing the CLC process and 
including mass and heat transfer during the reaction has been developed. Several variables 
that affect to the reaction rate and to the heat transport processes have been analyzed to 
know their effect on the particle temperature. 
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2. Particle Model 
The changing grain size model (CGSM) proposed by Georgakis et al. (1979) has 
been adapted to the specific case of the reduction and oxidation reactions that take place 
inside the oxygen carrier particles used in a CLC system, which can be represented by the 
following reaction: 
 a A(g)  +  R(s)  →  b P(s)  +  c CO2(g)  +  d H2O(g)  (5) 
The value of the coefficients c and d will be zero for the oxidation reactions. This 
model has been selected because the photographs obtained by scanning electronic 
microscopy (SEM) of several oxygen carriers showed a granular structure both in the 
oxidized and reduced forms (Ishida et al., 1996; de Diego et al., 2004). The model 
considers the oxygen carriers composed by a matrix of non porous individual grains of 
uniform size, with an initial radius r0 (see Fig. 1). Initially, the grains of metal oxide and 
inert were considered with the same size and uniformly mixed. The inert grains do not 
change during the reaction. However, the grain size of the reduced metal, Me, or the 
oxidized metal, MeO, changes during the reaction as a consequence of the different molar 
volumes of the product with respect to the reactant, following a shrinking core model 
scheme. 
The heat produced by the reaction, and the gas consumption depend on the reaction 
kinetics as well as the heat and mass transfer rates. Such dependence couples the chemical 
reaction with the heat and mass transfer equations. These coupled partial differential 
equations were solved numerically by a finite-difference method to obtain the temperature 
and the gas concentration profiles inside the particle, and their evolution with time. 
The assumptions adopted in the model are the following: (1) the solid reactant is a 
porous spherical particle, the outer radius of which remains constant during reaction; (2) 
there are three limiting steps in the reaction: external diffusion, internal diffusion, and 
chemical reaction; (3) the heat balance considers the mechanism of heat transfer by 
convection and radiation around the particle and by conduction inside the particle; and (4) 
  
6 
the chemical reaction between the gas and the solid reactant is first-order with respect to 
the gas concentration. 
 
2.1. Mass balance 
The calculation of the overall reaction rate in terms of the solid conversion as a 
function of time required the solution of the following equations with appropriate 
boundary conditions: 
1. The unsteady-state mass transfer equation considering the reaction within the 
particle was: 
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which yielded the gas concentration profile through the particle. The initial and 
boundary conditions required for the solution of this equation, when external mass transfer 
was affecting the overall reaction rate, were the following: 
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The reaction rate per unit of particle volume was proportional to the chemical 
reaction rate constant, k, 
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The initial specific surface area of the reactant was calculated as 
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2. An equation for the movement of reaction interface inside the grains, which was 
determined from the chemical reaction rate taking place at the reaction interface. The 
unreacted core size, r2, at each time and position inside the particle, was calculated with the 
equation: 
 ARm,2 CVk = dt
dr   (12) 
The initial condition for this equation was r2 = r0. The grain size, r1, was calculated 
with the following equation: 
  323031 r Z1r Zr   (13) 
where Z was defined as: 
Rm,
Pm,
V
bV
Z   (14) 
The effective diffusivity was calculated as a function of the particle porosity by: 
2
Ag,Ae, εDD   (15) 
The gas diffusivity depended on the type of gas diffusion in the pores. Due to the 
variation in the size of the pores during the reaction, the gas diffusivity was calculated at 
each time as a combination of the molecular and Knudsen diffusions: 
  11AK,1Am,Ag, DDD    (16) 
The porosity changes inside the particle during reaction were calculated as a function 
of the initial porosity, 0, and the stoichiometric volume ratio of solid product to solid 
reactant, Z (Hartman and Coughlin, 1976): 
t))X(R,ε1)(1(Zρ
fρεt)ε(R, 0
R
Rw,
r0   (17) 
The molecular diffusivity of gas i in N2 was calculated using the equation proposed 
by Fuller et al. (1966): 
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Knudsen diffusivity was calculated using the following equation: 
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The specific surface area of the solid, se,S , varied with the conversion and it was 
calculated from the values of the surface area of the grains of active material with a grain 
size r1, which changed with the conversion, and the grains of inert with a grain size r0, 
which remained constant. 
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The local conversion at each time and position inside the particle was calculated with 
the equation: 
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The mean conversion at each time in the whole particle was calculated by integration 
of local conversions,  
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2.2. Heat transfer 
The heat balance in the oxygen carrier considered the mechanism of heat transfer by 
convection and radiation around the particle and by conduction inside the particle. For a 
spherical particle, the unsteady-state heat transfer equation was 
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with the following initial and boundary conditions: 
T(R,t)=Tb at t = 0 (26) 
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The reaction rate, (-rR), and the heat of reaction, Hr,R, depended on the temperature 
and gas concentration at the radial position in the particle, which varied with time. The 
emissivity of the particles was taken to be 0.85. The effective thermal conductivity, ef, of 
the oxygen carrier depended on the solid and gas thermal conductivities, and it was 
calculated as a function of the porosity, by interpolation of the following values (Deissler 
and Eian, 1952): 
ef = s when   
2
s
g
s
g
s
g
s
g1
s
gg
ef
21
1sin
2
12 









 




 





 




 when 214 (30) 
  
10 
4
1ln1
12
s
g
s
g
2
s
gg
ef 










 




 


  when   
ef = g when  
The solid porosity at any point of the whole particle was calculated as a function of 
the conversion from the mass balance previously showed (Eq. 17). In the temperature 
range of ~1000-1300 K the thermal conductivity of the solids hardly varied with the 
temperature and an average value was considered (Table 2). The thermal conductivity of 
the oxygen carrier was calculated as a function of the volume fraction of the components in 
the particle, and varied with the conversion: 
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The thermal conductivity of a mixture of n gases was calculated with the following 
equations (Perry and Green, 1984): 
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The external heat transfer coefficient, h, and the external mass transfer coefficient, 
kg, were calculated from the Nusselt and Sherwood numbers, respectively. Several 
equations exist in the literature to calculate the Nusselt and Sherwood numbers both in 
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fluidized and entrained-flow beds (Perry and Green, 1984; Carberry and Varma, 1987; 
Palchonok, 1998). The values of these numbers varied in the range of 4-10 for the typical 
operating conditions of fluidized beds, and an average value of 7 was considered in this 
work for both numbers. A further sensitivity analysis to detect the effect of the Sh and Nu 
numbers will be carried out below. 
 
3. Results and Discussion 
The particle temperature during the reduction and oxidation reactions of oxygen 
carriers depended on several factors including that related with the physical characteristics 
of the particles (size, porosity, composition, reactivity), with the reacting gases (CH4, CO, 
H2, O2), and with diffusion factors. In Table 3 is shown the reference conditions used in 
this study. A sensitivity analysis to the model predictions was performed to detect those 
variables that more affected to the particle temperature, including the typical values of 
these variables of a CLC system. Moreover, the particle temperature depends on the bulk 
temperature, the inlet particle conversion, and the residence time and location in the 
reactor. To detect the possible sintering problems at any point inside the particle, the 
reference case was selected to reach the maximum temperature variations: high gas 
concentration, the initial conversion of the oxygen carrier was 0, and the bulk temperature 
was assumed equal to the bed temperature. 
3.1. Effect of the metal and reaction type  
The reduction and oxidation reactions of the oxygen carriers act as a source 
(exothermic reactions) or sink of heat (endothermic reactions). Therefore, there is a heat 
flux across the external surface of the particle, with the appearance of internal temperature 
gradients in the particle which magnitude depends on the amount of heat generated or 
consumed in the whole volume of the particle. Table 2 shows the reaction heats per 
volume of particle corresponding to the oxidation of the different metals with O2 and the 
reduction of the metal oxides with the fuel gas (CH4, H2, and CO). To avoid sintering 
problems it is important to know the maximum temperature reached in any point inside the 
particle. Fig. 2 shows the variation with time of the maximum temperature increase inside 
the carrier particle and the conversion for the reactions that generate or consume more heat 
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at the reference conditions above described. Similar curves were obtained with the other 
reactions, although with lower temperature variations. For exothermic reactions, the 
temperature of the particles increased quickly at the initial times to reach a maximum 
(Tmax) with a further smooth decrease until reach the bulk temperature. For endothermic 
reactions, the temperature decreased initially and increased later up the bulk temperature. 
In general, the temperature variation was higher as higher was the heat generated or 
consumed inside the particle. However, some exceptions were found due to differences in 
the gas thermal conductivity. For example, the reduction of CuO with H2 and CH4 showed 
very similar temperature variations although the first generated more heat (see Table 2). 
This was due to the high thermal conductivity of the H2 (H2= 0.52 W m-1 K-1 and 
CH4=0.24 W m-1 K-1), that allowed a better dissipation of the heat generated in the 
reaction. 
The highest temperature increase was detected for the Ni oxidation, which 
corresponded to the highest value of H0r and Hrv showed in Table 1. This reaction will 
be used from now on in the model simulation because is the case where more heat is 
evolved in the reaction and more temperature increase can be produced inside the particle. 
Similar results could be obtained with the other oxygen carriers and reactions, although 
with lower temperature increase. 
3.2. Effect of the inert material 
In the manufacture of the oxygen carriers, the metal oxides are combined with an 
inert which acts as a porous support providing a higher surface area for reaction, and as a 
binder for increasing the mechanical strength and attrition resistance (Ishida and Jin, 1996; 
de Diego et al., 2004). In this work, the main inert solids used for the preparation of 
oxygen carriers have been considered (Al2O3, MgO, SiO2, TiO2, and ZrO2). The maximum 
particle temperatures reached for the Ni oxidation were between the obtained with the 
ZrO2 (Tmax =70 K) and the SiO2 (Tmax=40 K), and followed the sequence ZrO2 > TiO2 > 
Al2O3 > MgO > SiO2. The inert type can affect the T results by mean of three different 
physical properties: the thermal conductivity, the heat capacity, and the solid density (see 
Table 1). The inert materials are characterised by their low thermal conductivity. However, 
the external heat transfer is more important than the internal heat transfer and the main 
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factors affecting the T results were the heat capacity and the solid density. Nevertheless, 
the use of different inerts hardly affected the heat balance inside the particle. 
3.3. Effect of the metal oxide weight fraction 
The optimum metal oxide content of an oxygen carrier depends on several factors 
including the oxygen transport capacity of the metal oxide and its cost. There are great 
differences in the oxygen transport capacity of the different metal oxides with the Cu and 
Ni being higher than the Fe and Mn (Adánez et al., 2004; Cho et al., 2004). However, the 
mass flow of oxygen carrier in a CLC system is not only determined by the amount of 
oxygen that needs to be transported between the air and fuel reactors, but also by the heat 
balance of the entire combustion system (Brandvoll and Bolland, 2002). In this sense, high 
recirculation rates are necessary to fulfil the heat balance with the Ni- and Fe-based 
oxygen carriers. On the other hand, the metal oxide to inert ratio affect to the physical 
properties and reactivity of the oxygen carrier. However, Adánez et al. (2004) did not 
found a clear correlation between crushing strength and active metal oxide content in a 
study carried out with MeO contents in the range of 20-80% of different oxygen carriers. 
The weight fraction of metal oxide in the carrier acts on the amount of reacted gas 
and on the heat generated per volume unit of particle. To analyze the effect of this variable 
on the particle temperature and conversion with time, several simulations were carried out 
with the model for the Ni oxidation reaction using different metal oxide weight fractions 
ranging from 20 to 80 % (see Fig. 3). The differences observed in the conversion curves 
were due to diffusion effects in the porous structure of the particle as a consequence of the 
particle size used (0.7 mm). An increase in the metal oxide content produced an increase in 
the particle temperature because of the higher heat evolved in the process. Peak values up 
to 170 K were obtained for the oxygen carrier with a 80 wt % of NiO. However, smaller 
temperature increases were obtained for metal oxide contents lower than 60%, and 
sintering problems were not expected in any point of the particle. Therefore, this parameter 
can be considered of low importance for typical values of the used in a CLC system. 
3.4. Effect of particle porosity 
Particle porosity is an important variable in the manufacture of an oxygen carrier. 
The optimum porosity will be a compromise between crushing strength, with low attrition 
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rates, and reactivity, avoiding as much as possible the diffusion resistances inside the 
particle. Fig. 4 shows the variation of the maximum temperature increase inside of the 
particles and the variation of conversion with time as a function of the carrier porosity 
working with oxygen carrier particles of 0.7 mm and 40 wt % of NiO content. An increase 
in the particle porosity produced an important increase in the reaction rate because of the 
lower resistance to the gas diffusion in the pore system. On the other hand, the maximum 
temperature (Tmax) increased when the porosity increased up to a value of 0.4 as a 
consequence of the heat generated in the particle by time unit. Under this condition the 
maximum temperature increase was reached (70 K). At porosities higher than 0.4 this 
effect was compensated because a solid with high porosity generated lower heat per 
volume unit of particle. In this case, the external heat transfer is the main resistance, and a 
lower heat generation produces a lower temperature in the external surface (see Figure 5). 
Nevertheless, at porosities of ~0.3-0.6 the differences in the Tmax values were of low 
significance. 
Fig. 5 shows the internal profiles of conversion and temperature that corresponded to 
the time of maximum temperature in the particle. It must be considered that the thermal 
conductivity of the gas is much lower than that of the solids. Therefore, a higher porosity 
produced a lower effective thermal conductivity in the particle and the internal gradients of 
temperature increased although in all cases were of low significance. The effective thermal 
conductivity varied from 1.5 W m-1 K-1 at 0.1 of porosity to 0.5 W m-1 K-1 at 0.4 of 
porosity. However, the higher temperature gradient was observed in the external film of 
the particle. A more detailed analysis about the effect of the external mass and heat transfer 
will be performed below. 
3.5. Effect of the kinetic parameters  
The temperature increase in the particles depends on the heat generation rate and 
thus on the overall reaction rate of the oxygen carrier particles, which depends on the 
chemical reaction rate constant (k). An Arrhenius type dependence with temperature was 
assumed for the chemical reaction rate constant. The effect of k on the particle temperature 
was analyzed in this work, by variations in the preexponential factor (k0), first, and in the 
activation energy (Ea), later.  
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Reaction rates existing in the literature (Ishida et al., 1996; Jin et al., 1999; Ryu et al. 
2001; Jin and Ishida, 2002; Mattisson et al, 2003; Adánez et al., 2004; Cho et al., 2004) 
vary widely depending upon the type of metal oxide, particle size, reactive gas, and 
temperature. Although reaction rates are critical in determining the system design and 
performance of a CLC system, the oxygen carriers are characterized by their high 
reactivity with full conversion times () in the range of 20-60 s. To analyze the effect of 
this variable, different values of k0 in the range of 0.03-1 m s-1, which corresponded to 
values of  in the range of 60-23 s, were used for the model simulation. Fig. 6 shows the 
variations with time of the maximum temperature inside the particle and conversion 
predicted by the model and Fig. 7 shows the internal gradients developed inside the 
particle at the Tmax point as a function of k0. An increase in the value of the kinetic 
constant produced an increase in the maximum temperature. Values of Tmax as high as 
140-160 K were found working with highly reactive oxygen carrier particles (k0=0.5 and 1 
m s-1). Under these conditions, the chemical reaction was very quick and the overall 
reaction was controlled by the pore diffusion. Therefore, an increase in k0 did not produce 
the same effect in the conversion-time curves, as can be observed in Fig. 6. Fig. 7 shows 
that for highly reactive oxygen carriers there were high conversion gradients inside the 
particle and the reaction model was close to the shrinking core model. However, no 
gradients of temperature were detected inside the particle because the heat diffusion was 
high enough to transfer the heat to the outer surface of the particle. In this case, the 
temperature variation was mainly due to the external heat transfer resistance. 
The temperature increase produced during the reaction could also affect to the 
particle reaction rate if the activation energy of the reaction was high enough. To analyze 
the sensitivity of the model to this parameter, different simulations were carried out 
changing its value from 10 to 100 kJ/mol, and maintaining constant the chemical reaction 
rate constant at 7.3·10-4 m s-1 at 1223 K. It was found that the activation energy did not 
affect significantly to the variation of the conversion and temperature with time. 
3.6. Effect of the external mass and heat transfer  
The resistance to the external mass and heat transfer affects to the concentration of 
reactive gas and temperature in the external surface of the particle. Under the conditions 
normally used in a CLC system the external mass transfer resistance hardly affected to the 
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reaction rate. In the worst case simulated for the Ni oxidation, the O2 concentration in the 
external surface only decreased a 5 % with respect to the bulk concentration. On the 
contrary, the external heat transfer was the main resistance to the heat transfer and 
originated the highest temperature increase in the particle with respect to the bulk 
conditions. 
Fig. 8 shows the effect of the Nu on the maximum particle temperature for the 
oxidation of several metals. The highest temperature increases corresponded to an isolated 
particle without gas flow in the surroundings (Nu=2), and sharply decreased for higher 
values of Nu. There are several equations in the literature to calculate the Nu number 
(Perry and Green, 1984; Carberry and Varma, 1987; Palchonok, 1998), which give very 
different values of Nu in some cases. It must be considered that the most common design 
of a CLC system is based on two interconnected fluidized beds for the fuel and air reactors 
(Lyngfelt et al., 2001). Under the operating conditions normally existent in fluidized beds, 
the Nu values were in the range of 4-10. In these cases, the temperature increases in the 
oxygen carrier particles were not so high, with values of ~45-100 K for the oxidation of 
nickel carriers with 40 wt % of active phase and 0.7 mm size. 
3.7. Effect of particle size 
The particle size of the oxygen carriers will affect to the reaction rates and to the 
external mass and heat transfer processes. Oxygen carriers with particle sizes ranging from 
0.08 to 2 mm can be found in the literature (Lyngfelt et al., 2001). Fig. 9 shows the 
evolution with time of the particle temperature and solid conversion for the Ni oxidation as 
a function of the particle size. An increase in the particle size produced an increase in the 
particle temperature. For particles of 1 mm size the total temperature gradient was about 90 
K. However, the temperature profile inside the particle was only of 10 K. It has to be 
considered that the main resistance to heat transfer proceeds from the film heat transfer. In 
any case, temperature profiles inside the carrier particles hardly affected to the reaction 
rates as it can be observed in Fig. 9 where the conversion versus time curves obtained 
assuming isothermal particles, i.e. without considering the heat balance in the oxygen 
carrier particles, were plotted as dotted lines. The differences in the conversion curves 
predicted by the model considering or not the heat balance were below 10% in the range of 
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particle sizes (0.1-1 mm) considered. This fact allows the use of an isothermal particle 
model to predict the evolution with time of any reaction of the oxygen carriers. 
On the other hand, the reaction rate was almost independent on the particle size for 
particles below 0.2 mm in the reaction conditions considered. This was because the 
internal gas diffusion did not affect the global reaction and the concentration profiles 
inside the particle were near flat.  
For comparison reasons, Fig. 10 shows the maximum variation of temperature 
reached inside the particles as a function of the particle size corresponding to all the 
oxidation and reduction reactions showed in Table 2, and the base case conditions. The 
highest temperature variations were reached for all the oxidation reactions, with the 
maximum corresponding to the Ni oxidation with values of ~+90 K for 1 mm particles. 
The highest temperature variation observed during a reduction reaction corresponded to 
the reaction of CuO with CO, with values of ~+40 K for 1 mm particles. For the rest of 
reactions given in Table 2, the particle temperature variations were below 10 K in the 
entire range of particle size, and it can be considered negligible at any particle size. The 
temperature increases predicted by the model made negligible the problem of sintering 
even in the case of Cu-based oxygen carriers, whose melting point is the lowest of all the 
metals normally used in CLC systems (see Table 1). 
On the other hand, it must be also considered that the most common design of a CLC 
system is based on two interconnected fluidized beds for the fuel and air reactors. The air 
reactor is normally a high velocity riser connected to a fuel reactor designed as a low-
velocity bubbling fluidized bed (Lyngfelt et al., 2001). The particle size of the oxygen 
carriers must be small enough to allow an easy transport by the air stream and to get 
enough oxidation conversions in the small residence time in the reactor. For the particles 
normally used in a CLC system of ~0.1-0.3 mm, the maximum variation observed for any 
reaction was of ~15 K. Therefore, the particles can be considered isothermal for most of 
the reactions when using small particle sizes, as it would be normal in a CLC process. 
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4. Conclusions 
A particle reaction model has been developed to predict the behaviour of the most 
common oxygen carriers used in a Chemical-Looping Combustion (CLC) system during 
the reduction and oxidation reactions. The non-isothermal changing grain size model 
considering the resistance to heat and mass transfer in the gas film and inside the pore 
system together with the chemical reaction has been used. This model predicted the 
variation of the oxygen carrier conversion, and the temperature at any point inside the 
particle with time, as well as the conversion and temperature profiles inside the carrier 
particles. 
For the simulation, it have been considered both the oxidation and the reduction 
reactions with different fuel gases (CH4, H2, and CO) of the main oxygen carriers based on 
Cu, Co, Fe, Mn, and Ni. For the exothermic reactions, the temperature of the particles 
increased quickly at the initial times reaching a maximum with a further smooth decrease 
until reach the bed temperature. For a given oxygen carrier and reaction, the maximum 
temperatures of carrier particles depended mainly on the particle size, the overall reaction 
time, and the resistance to the heat transfer in the external gas film. Lower dependencies 
were found for the oxygen carrier porosity, activation energy, type of inert material and 
metal oxide fraction in the normal ranges used in a typical CLC process. 
The highest temperature variations were reached for all the oxidation reactions, with 
the maximum corresponding to the Ni oxidation with values of ~+90 K for 1 mm particles, 
and later followed the order: Ni ≈ Co > Cu > FeO > MnO > Fe3O4. However, under the 
typical conditions present in a CLC system, with particle sizes lower than 0.3 mm, 40 wt % 
of metal oxide content, and full reaction times of 30 s, the particles can be considered 
isothermal and the heat balance can be ignored to model the reactions. Increments of the 
particle temperature with respect to the bed were lower than 15 K for any reaction of any 
oxygen carrier. Moreover, the conversion and temperature profiles inside the particles have 
low significance, and no local points with high temperatures were found. Thus, changes in 
the solid porous structure of the carrier during oxidation in fluidized bed due to sintering 
are not expected, even in the case of Cu-based oxygen carriers, whose melting point is the 
lowest of all the metals normally used in CLC systems.  
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 Notation 
a stoichiometric factor, mol of gas A/mol of solid 
Aij factor defined in Eq. (36) 
b stoichiometric factor, mol of solid P/mol of solid R 
CA gas concentration, mol m-3 
CA,b gas concentration in the bulk phase, mol m-3 
CA,s gas concentration at the external surface of the particle, mol m-3 
cp heat capacity at constant pressure, J g-1 K-1 
cv heat capacity at constant volume, J g-1 K-1 
De,A effective diffusivity of gas A within the particle, m2 s-1 
Dg,A gas diffusion coefficient, m2 s-1 
DK,A Knudsen diffusion coefficient, m2 s-1 
Dm,A molecular diffusion coefficient, m2 s-1 
dp particle diameter, m 
e emissivity of solid 
EA activation energy, J mol-1 
fV,i volume fraction of the solid i in the particle 
fV,R volume fraction of the solid R in the particle 
fW,R weight fraction of the reactive phase in the particle 
h heat transfer coefficient, W m-2 K-1 
k chemical reaction rate constant, m s-1 
k0 preexponential factor of the chemical reaction rate constant, m s-1 
kg external mass transfer coefficient, m s-1 
Mi molecular weight of specie i, g mol-1 
Nu Nusselt number, 
P total pressure, Pa 
R radial coordinate within the particle, m 
r0 initial grain radius, m 
R0 particle radius, m 
r1 grain radius when some reaction proceed, m 
r2 radius of unreacted grain core, m 
rp pore radius, m 
-rA local reaction rate of the gas reactant A, mol m3 s-1 
-rR local reaction rate of the solid reactant R, mol m3 s-1 
S0,R initial specific surface area of the reactive phase, m2 m-3 
Sh Sherwood number 
Sinert specific surface area of the inert phase, m2 m-3 
se,
__
S   specific surface area of the solid, m2 m-3 
T temperature, K 
t time, s 
Tb temperature in the bulk phase, K 
Ts temperature at the external surface of the particle, K 
Vm,i molar volume of the solid i, m3 mol-1 
X conversion 
yi molar fraction of gas i 
Z volume ratio for product to reactant 
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Greek letters 
 
H0r standard heat of reaction, J mol-1
Hr,R heat of reaction per mol of solid R, J mol-1 
Hrv heat of reaction per volume of particle, J cm-3 particle 
T  temperature increase, K 
Tm,p  maximum temperature variation obtained inside of the particle, K 
Tmax  maximum temperature variation at any time and location in the particle, K 
 particle porosity 
0 initial particle porosity 
ef effective thermal conductivity of the particle, W m-1 K-1 
g thermal gas conductivity, W m-1 K-1 
s thermal solid conductivity, W m-1 K-1 
 gas viscosity, kg m-1 s-1 
R true density of the reactive phase, g m-3 
s true solid density, g m-3 

rρ  average true density of the particle, g m-3 
sB Stefan-Boltzmann constant, W m-2 K-4 
 time for complete conversion, s 
v)i diffusion volume for molecule i, Å3 
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Table 1. 
Physical properties of solids. (From Barin, 1989; and Lide, 2002) 
 
 
Thermal 
conductivity, 
s 
Heat capacity, cp(1) 
Solid density, 
s 
Melting 
temperature 
 W m-1 K-1 J kg-1 K-1 Kg m-3 K 
  cp0 cp1 cp2 cp (2)   
Active material        
Co  40 636 -5.13 10-1 5.03 10-4 761 8860 1768 
CoO  5 751 -1.06 10-1 1.03 10-4 775 6440 2078 
Cu  350 382 7.46 10-3 6.76 10-5 460 8920 1358 
CuO  6 430 4.26 10-1 -1.53 10
-
4 705 6400 NDPT=1397 
Cu2O       1516 
Fe  30 433 1.45 10-1 1.66 10-6 613 6980 1809 
FeO  5 623 2.72 10-1 -6.62 10
-
5 856 5700 1650 
Fe2O3  5 860 2.96 10-3 1.57 10-5 887 5240 NDPT=1735 
Fe3O4  6 2009 -1.77 6.70 10-4 847 5180 1870 
MnO  3 546 3.12 10-1 -8.80 10
-
5 
796 
796 
5430 2115 
Mn2O3  3 498 5.08 10-1
-1.29 10-
4 926 4500 NDPT=1350 
Mn3O4  3 490 4.90 10-2
-1.28 10-
4 358 4840 1835 
Ni  75 347 2.71 10-1 -5.52 10
-
5 596 8900 1726 
NiO  13 790 -2.06 10-1 1.43 10-4 752 6670 2228 
         
Inert         
Al2O3 (Gamma)  7 843 5.40 10-1
-1.61 10-
4 1263 3965 2290 
MgO  8 1013 3.47 10-1 -8.96 10
-
5 1304 3580 3105 
SiO2  2 953 2.91 10-1
-7.82 10-
5 1192 2260 1996 
TiO2 (rutile)  4 785 2.12 10-1
-5.97 10-
5 955 4260 2130 
  
25 
ZrO2  3 482 1.74 10-1
-4.09 10-
5 634 5600 2950 
(1) (cp= cp0 + cp1 T + cp2·T2) 
(2) cp at Tref = 1223 K, except for the copper based oxygen carrier where Tref = 1073 K 
NDPT= Normal decomposition point 
 
 
 
 
Table 2. 
 Heat of reaction for the reduction and oxidation of different oxygen carriers.  
 
 CH4 H2 CO O2 
MeO/Me H0r 
J/molMeO 
Hrv(1) 
J/cm3 part. 
H0r 
J/molMeO 
Hrv(1) 
J/cm3 part. 
H0r 
J/molMeO 
Hrv(1) 
J/cm3 part. 
H0r 
J/molMe 
Hrv(1) 
J/cm3 part. 
CoO/Co 37373 559 -3882 -280 -45020 -851 -237944 -4078 
CuO/Cu -44508 -828 
(2) -85763 -1618 (2) -126901 -2213 (2) -156063 -2465 (2) 
Fe2O3/Fe3O4 11802 104 -1949 -20 -15662 -101 -117989 -610 
Fe2O3/FeO 79589 427 38334 144 -2804 -108 -140080 -2072 
Mn3O4/MnO 31565 131 -9690 -124 -50828 -295 -77379 -1180 
NiO/Ni 39130 599 -2125 -264 -43263 -844 -239701 -4152 
(1) Original particles with =0.3 and MeO/inert(Al2O3) weight ratio= 40/60. T=1223 K 
(2)  At 1073 K 
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Table 3. 
Parameters and conditions used in the simulation 
 
Variable Reference Range 
Temperature (K) (Co, Fe, Mn and Ni) 1223 
(Cu) 1073 
 
Gas concentration (vol %)    
Oxidation: O2   21  
Reduction: fuel gas 70  
Particle size (mm) 0.7 0.1-1.0 
Metal oxide fraction (wt %) 40 20-80 
Particle porosity 0.3 0.1-0.6 
Full conversion time (s) 30 20-60 
Activation energy (kJ mol-1) 50 10-100 
Grain size (m) 0.5 0.1-0.6 
Nusselt number 7 2-30 
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Captions of the Figures 
Fig. 1. Scheme of the particle reaction model. 
Fig. 2. Variation with time of the maximum temperature increase inside of the particle for 
the most exothermic and endothermic reactions of a CLC system. 
Fig. 3. Effect of the metal oxide content on the maximum temperature increase inside of 
the particle during the Ni oxidation. 
Fig. 4. Effect of the porosity on the maximum temperature increase inside of the particle 
during the Ni oxidation. 
Fig. 5. Internal profiles of temperature and conversion at the Tmax locations given in Fig. 
4 as a function of the particle porosity. 
Fig. 6. Effect of the chemical rate constant, by variations in the preexponential factor, k0, 
on the conversion and maximum temperature increase inside of the particle during 
the Ni oxidation reaction. 
Fig. 7. Internal profiles of temperature and conversion at the Tmax locations given in Fig. 
6 as a function of the preexponential factor. 
Fig. 8. Effect of Nusselt number on the maximum particle temperature (Tmax) reached 
during the Ni oxidation reaction. 
Fig. 9. Effect of particle size on the solid conversion and the maximum temperature 
increase inside of the particle for the Ni oxidation reaction. (dotted line= isothermal 
particles) 
Fig. 10. Effect of particle size on the maximum particle temperature (Tmax) reached 
during the most typical CLC reactions given in Table 2. 
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Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Fig. 8. 
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Fig. 9. 
 
 
 
time (s)
0 5 10 15 20 25 30
C
on
ve
rs
io
n
0.0
0.2
0.4
0.6
0.8
1.0
T
m
,p
 (K
)
0
20
40
60
80
100
0.1
0.1
0.3
0.3 0.5
0.5
0.7
0.7
dp=1 mm
dp=1 mm
 
 
  
37 
 
Fig. 10. 
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